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Abstract 
Mitogen Activated Protein Kinase (MAPK) pathways are ubiquitous amongst eukaryotes, 
involved in the signal transduction of various external stimuli to the nucleus. In plants, only 
MAPK pathways related to pathogen- and stress-related responses have been identified. It has 
been proposed that another MAPK pathway exists in plants, one that is similar to animal MAPK 
pathways and postulated to connect the regulation of cell growth and the actions of hormones 
auxin, cytokinin, and gibberellin. In order to establish whether a link exists between the MAPK 
pathway and hormone signaling in plants, the role of MAPK phosphatases (MKP) on hormone 
signaling was studied. Seven potential Arabidopsis MKPs were identified through database 
searches and through an activity assay. Sequence analysis revealed that three of these potential 
MKPs were probably dual specificity protein phosphatases while the specificities of the other four 
were unclear. Attempts were made to overexpress two of the potential MKPs in plants, however, 
due to errors in experimentatio� this failed to work. Presently, these mistakes are being 
corrected so that the link between the MAPK pathway and hormone signaling in plants may be 
uncovered. 
Introduction 
Without a cell's ability to communicate or interact with its environment, life would not 
exist as we know it today. Just as humans need to communicate with one another to determine 
their course of action, cells need to communicate with one another and with their environment in 
order to determine their course of action. One way in which cells communicate with each other is 
through a signal transduction pathway, which transmits, amplifies, and integrates extracellular 
signals to generate an internal response. In this form of communication, an extracellular signal in 
the form of a ligand binds to a transmembrane protein of a cell. This binding initiates a series of 
sequential actions within the cell that ultimately results in the activation of a gene or genes. The 
activated gene or genes are transcribed, leading to the production of protein appropriate in 
response to the initial signal. 
One signal transduction pathway that is important to cells is the mitogen activated protein 
kinase (MAPK) pathway. This pathway centers on MAPK, an enzyme that phosphorylates its 
protein substrate when activated by factors that stimulate cell division. The MAPK pathway is 
extremely important, as evidenced by its universal presence in eukaryotic organisms ranging from 
yeasts to humans. This pathway has been extensively studied in animals, however, much remains 
to be uncovered about the pathway in the plant sector. In animal systems, binding of a ligand to a 
receptor leads to the activation of the MAPK kinase kinase (MAPKKK), which phosphorylates a 
MAPK kinase (MAPKK) on its serine residue, thus initiating the MAPK cascade (Figure 1 ). The 
MAPKK, in turn, phosphorylates a MAPK on both its serine and tyrosine residues, which 
activates the MAPK. The activated MAPK then phosphorylate its protein substrate, which goes 
on to activate transcriptional factors and other proteins. 
The MAPK pathway is typically downregulated by protein phosphatases that 
dephosphorylate the MAPK on both its threonine and tyrosine residues. These dual specific 
protein phosphatases belong to a special class of phosphatases within the intracellular protein 
tyrosine phosphatase family. Dual specific protein phosphatases are not the only type of 
phosphatases that can inactivate MAPKs, as dephosphorylation of either residue of an activated 
MAPK will render it inactive. Non-dual specific protein tyrosine phosphatases have also been 
shown to downregulate the MAPK pathway (reviewed by Keyse 1998), as well as protein serine 
phosphatases PP2C and PP2A (Meskiene et al. 1998, Alessi et al. 1995). 
Different MAPK pathways exist for different environmental signals. In animals, three 
categories of MAPK pathways have been uncovered: one responsible for cell growth and 
differentiation, one for stress, and one for pathogen response (reviewed by Lewis et al., 1998). In 
plants, which as a class hasn't been studied much, MAPKs have only been shown to be involved 
in stress and pathogen elicited responses (reviewed by Luan 1998), however there has been some 
evidence that a MAPK pathway is involved in plant cell division (Nakashima et al. 1998). In 
addition, it has been suggested that the MAPK pathway may play a role in auxin signal 
transduction, although there has been no conclusive evi.4ence to substantiate this claim 
(Mizoguchi et al. 1994, Kovtun et al. 1998). Auxin, along with cytokinin and gibberellin, are 
hormones involved in cell growth and differentiation. Although much is known about the effects 
of these three hormones, little is known about the mechanism that transports the signal to elicit 
the response. 
We hypothesize that the molecular mechanism by which the plant hormones auxin, 
cytokinin, and gibberellin communicate with the cell nucleus is through an unknown cell growth 
and differentiation MAPK pathway. To test this hypothesis, our lab previously conducted 
experiments in which mammalian MAPK components were introduced into plant systems. From 
these experiments, we found that constitutively activated MAPKK led to higher sensitivity to 
auxin and cytokinin, and a constitutively expressed MAPK phosphatase (MKP) led to lower 
sensitivity to auxin. 
To uncover more information about the role of MK.Ps in MAPK signaling, we have 
investigated the effects of plant MKPs in Arabidopsis and tobacco plants. So far, we have 
discovered seven potential Arabidopsis MKP genes. It remains to be seen if any of these genes 
are connected with hormone signaling, which would link a cell growth and differentiation plant 
MAPK pathway to hormone signaling. 
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Figure 1. The MAPK pathway. Binding of a ligand to a receptor on the ceU surface triggers a series of 
reactions that initiates the MAPK pathway via activation ofMAPKKK. Once activated, MAPKKK 
activates MAPKK via phosphorylation of its serine residue. The activated MAPKK then phosphorylates 
MAPK on both its threonine and tyrosine residues. Activated MAPK then goes on to phosphorylate its 
substrate, which eventually leads to an internal respon e to the signal The pathway is downregulated by 
MKP which deactivates MAPK via dephosphorylation of MAPK. 
Results 
Isolation of Plant MKPs: Previously in our lab, database searches using conserved amino acid 
sequences found in animal MKPs were conducted to uncover potential Arabidopsis MKPs. Two 
partial cDNA sequences were found in the EST database that appear to encode MKPs: EST 
· T44761 (AtMKP-1) and EST T2043 l (AtMKP-2) (Chiu, unpublished). A full length cDNA
clone encoding AtMKP-1 was obtained through screening of a plasmid cDNA library using the
EST clones as a probe (Chiu, unpublished). More recently, with the near completion of the
· Arabidopsis genome sequencing project, three other putative proteins with similarities to the
conserved domain of animal MKPs were uncovered (accession number of genomic clones in
parentheses): AtMKP3 (MIK19), AtMKP4 (AC006951), and AtMKP7 (AC018907) (Chiu,
unpublished).
Analysis of the sequences recovered from the database searches revealed a highly
conserved region of approximately 70 amino acids (Figure 2). This stretch of amino acids was
found to contain the signature sequence VXVHCX2GXSRSXTX3AY(L/l)M characteristic of the
active site of known dual specific protein tyrosine phosphatases (Gupta et al. 1998). Two of the
five AtMKPs (AtMKP-2, AtMKP-7) were found to contain the dual specific protein tyrosine
phosphatase signature sequence completely, however, the other three-AtMKP-1, AtMKP3,
AtMKP-4-contain slight variations (Figure 2). Although further tests need to be conducted to
confirm their identities as dual specific MKPs, the deduced proteins are referred to henceforth as
At:MKPs.
Genomic clones encoding AtMKP-3 and AtMKP-4 and a cDNA clone encoding AtMKP-
4 were obtained by PCR using primers designed from their genomic sequences. From the
sequences, AtMKP-3 is predicted by BLAST to be a protein of218 amino acids, while AtMKP-4
is predicted to be a protein of 283 amino acids. Attempts to obtain a cDNA clone encoding
At:MKP-3 from four cDNA libraries (2 from seedlings and 2 from mature plants) were
unsuccessful However, cDNA clones encoding AtMKP-4 were obtained from both seedling
cDNA hbraries screened. The cDNA clone encoding AtMKP-4 recovered is slightly smaller than
predicted, being 771 bp long and coding for a protein of257 amino acids (Figure 3). The cDNA
clone is smaller because it had one extra 78bp intron that BLAST did not predict from the
genomic sequence. AtMKP3 is most similar to HS-MKP-1, having a 34% homology and a 47%
similarity to HS-MKP-1 while AtMKP-4 is most homologous to PAC-I, having a 42% homology
and a 60% similarity to PAC-1 (Table 1).
Screening/or additional AtMKPs through a phosphatase activity assay: Since the Arabidopsis
genome has not been fully sequenced, additional plant MKPs may exist that were not identified
through database searches. To solve this problem, additional plant MKPs were identified by
screening an expression library (Kieber et al 1993) containing cDNA from 6-day old Arabidopsis
seedlings for the presence of potential MKPs. cDNA clones with phosphatase activities were
isolated from the cDNA hbrary through their ability to cleave and turn the substrate blue (Potts et
al 1993).
Approximately 60,000 A-phage plaques screened for phosphatase activity, and a total of
six 1-2kb elements of the A-phage library were obtained. From restriction digestions, I
determined that two of the DNA clones were identical The five different 1-2kb clones were
sequenced from the 5' end, and their identities were determined through BLAST analysis (not
shown). The five sequences were found to encode a malate dehydrogenase, a protein 
phosphatase 2C (PP2C), a putative protein phosphatase, a lysophospholipase, and a DNA/RNA 
binding protein. Sequence analysis revealed that only the putative protein phosphatase (AtMKP5, 
AL04971 l) contained part of the dual specificity protein phosphatase signature sequence (Figure 
2). This cDNA clone was l 140bp long, coding for a 380 amino acid protein. According to a 
BLAST search, AtMKP5 is most similar to the Chlamydomonas eugametos dual specificity 
protein phosphatase VH-pTpl3 (Haring at al. 1995). AtMKP5 also had a high similarity to 
MKP-1 and PAC-I in the conserved catalytic domain for dual specific protein phosphatases, 
suggesting that it may be a l\1KP (Table 1). A database search was conducted to find other 
potential MKPs similar to Atl\1KP5. From this search, AtMKP6 (AC009991) was found. Of the 
four mammalian MKPs compared to, this phosphatase was most similar to PAC-I (Table I). 
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Figure 2. Alignment of protein phosphatases related to the Arabidopsis MKPs. The most conserved amino 
acid region of the 7 AtMKPs (bold face) described in the present work, along with human MKP-1 (Keyse 
et al., 1992), human PAC-1 (Rohan et al., 1993), human VHR (Ishibashi et al., 1992), rat MKP-3 (Muda 
et al. 1996), yeast YVHl (Guan et al., 1992), yeast MSG5 (Doi et al., 1994), chlamydomonas VH-PTP13 
(Haring et al., 1995), andArabidopsis PTPl (Xu et al. 1998) were aligned using ClustalW and shaded 
with Boxshade. Black background indicates >50% sequence identity, grey background indicates >50% 
sequence homology. 
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Figure 3. Nucleotide and predicted amino acid sequence of the AtMKP4 cDNA. Bold type indicates the 
conserved catalytic domain of dual specificity protein phosphatases. Dot indicates site of computer 
predicted exon which is not present in the actual cDNA clone. 
! Further experiments must be conducted to determine whether the potentially dual specific
phosphatase isolated will interact with the cell growth and differentiation MAPK pathway in
plants.
In addition to AtMKP-5, only one other cDNA clone identified by the screen, PP2C, 
encodes protein with known phosphatase activity. Although not a dual specific MKP, PP2C is a 
type of serine/threonine phosphatase. MP2C, a plant PP2C found in alfalfa, has been determined 
to act as a negative regulator of the stress-activated MAPK (Meskiene et at 1998). Presently, 
there are no findings published indicating that the proteins encoded by the three other DNA 
fragments are indeed phosphatases. 
Table 1. Percent identity and similarity (in parenthesis) of potential Arabidopsis MK.Ps compared to four 
mammalian MKPs over a conserved amino acid stretch around the catalytic domain (see Figure 2). Small 
print indicates amino acid residue . .-----------------------------, 
Arabidopsis MKPs 
AtMKP-1 132-201
AtMK.P-2 230-299
AtMKP-3 103-112
AtMKP-4 100-163
AtMK.P-5 162-232
AtMK.P-6 151-221
AtMK.P-7 14-143
HS-MKP-1 223-292
30%(50%) 
42% (62%) 
34% (47%) 
40% (58%) 
25% (42%) 
25% (53%) 
42% (61%) 
Mammalian MKPs 
HS-VHR 88-158 P AC-1 222-291 MKP-3 25s-n1
32% (45%) 28% (47%) 28% (44%) 
45% (74%) 42% (51%) 48% (65%) 
30% (41%) 31% (45%) 27% (48%) 
37% (51%) 42% (60%) 32% (57%) 
21% (39%) 25% (42%) 25% (48%) 
28% (49%) 28% (54%) 32% (56%) 
47% (61%) 42%(58%) 42% (64%) 
Phylogenetic analysis of MKPs: In order to determine the relationship between the AtMK.P 
genes and other known phosphatases based on their amino acid sequences, a phylogenetic tree 
was constructed using ClustalW and Treeview (Figure 4). 
AtMKP-4, AtMKP-7 and AtMKP-2 grouped together with the known dual specificity 
phosphatases, indicating that these AtMKPs may be dual specific MKPs. The sequences 
contained in this portion of the tree contained the dual specific signature sequence 
(VXVHCXXGXSRSXTXXXA YLM) in whole, with a few minor exceptions. The yeast 
phosphatase MSG5 and the green algae phosphatase VH-pTpl3 differed in two amino acids, 
while yeast SC-YVHI and AtMKP-4 only differed in one amino acid from the signature sequence. 
AtMKP-1, AtMK.P-3, AtMKP-5, and AtMKP-6 did not cluster with the known dual 
specificity phosphatases. Instead, these AtMKPs grouped together with the three tyrosine mono 
specific protein tyrosine phosphatases, AtPTPI, cd45, and cdc25, suggesting that AtMKP-1, 
AtMKP-3, AtMKP-5, and AtlvfKP-6 may be tyrosine mono specific phosphatases. The sequences 
of these phopsphatases differed in three or more amino -acids from the dual specificity phosphatase 
signature sequence, and did not contain the end sequence of A YLM in full. However, the 
possibility exists that these AtMKPs may be dual specific. Although these AtMKPs grouped 
together with the tyrosine mono-specific phosphatases, none of them clustered in side branch 
containing the known mono phosphatases, indicating that these phosphatases are slightly different 
from the mono phosphataes. 
Attemptto overexpress AtMKP3 and AtMKP4 in plants: In order to detennine the possible 
function ofMKPs in plants, two of the plant phosphatases, AtMKP-3 and AtMKP-4, were placed 
behind a constitutive promotor and introduced into Arabidopsis and tobacco plants. In theory, 
constitutively expressing the gene will make the effects of the phosphatase more dramatic and 
easier to observe. Arabidopsis was chosen as an experimental system because it is the standard 
experimental system typically used, having a short generation time and a small genome which will 
soon be completely sequenced. Tobacco plants were chosen in addition to Arabidopsis because 
unlike Arabidopsis, protoplasts (for testing on the cellular level) can be easily obtained from this 
plant. 
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Figure 4. Phylogenic tree of various protein tyrosine phosphatases. The conserved amino acid region of 
the phosphatases from Figure 2 were processed through ClustalW and Treeview (Page et al. 1996) along 
with tyrosine mono-specific tyrosine phosphatases cd45 (Ralph et al. 1987) and cdc25 (Russel et al. 1986). 
Bar = 0.1 nucleotide substitutions per site. 
To constitutively express the phosphatases in the two plants, AtMKP-3 and AtMKP-4 
were tagged with hemagglutanin (HA) as described in Methods, and the resulting genes were 
placed under the control of two different promotors. Arabidopsis thaliana and tobacco were 
transformed with either the genomic AtMKP-3 or AtMKP-4 constructs via Agrobacterium­
mediated transformation. Seeds from the Arabidopsis transgenic 35SIMKP-3/HA, TCH4/MKP-
3/HA, and TCH4/MKP-4/HA plants were collected and grown. However, for various reasons, 
no truly transgenic plants are thought to have been made (see Discussion). Difficulties arose 
· during the construction of35S/MKP-4/HA construct, therefore these transforrnants have not yet
been grtJwn. cDNA AtMKP-4 constructs have just recently been made, and will be transformed
into Arabidopsis and tobacco plants. Seeds from the transgenic tobacco plants will be collected
and grown once these plants set seeds.
The kanamycin-resistant Arabidopsis plants transformed with AtMKP-3 displayed no
unusual phenotype. All of these plants germinated and flowered normally, having no
abnormalities in the color, shape, direction, number, or length of their roots, stems, leaves, veins,
and flowers. One possible explanation for this result is that somehow, the vector was transfected
into the plant without the AtMKP-3 construct and so no transgenic AtMKP-3 plants were actually
made. The AtMKP-3 construct may not be expressed because it is a pseudogene or because the
plant had trouble processing the genomic clone. This is most likely since AtMKP3/GFP fusion
did not produce any detectable GFP (Chiu, unpublished).
In contrast to the AtMKP-3 transgenic plants, the TCH4/At-MKP4 primary transgenic
plants displayed alterations in their phenotype. (None of these plants were homozygous for
AtMKP-4, so only qualitative and not quantitative results were observed) As with AtMKP-3
plants, the phenotypes looked for included change in germination and flowering times,
abnormalities in the color, shape, direction, number, or length of their roots, stems, leaves, veins,
and flowers. These plants displayed increased hypocotyl length (Figure 4), early flowering with
fewer rosette leaves (not shown), early senescence, and light green rosette leaves. It is not known
whether the increase in hypocotyl length is due to increased cell division or increased cell
elongation. Despite the early flowering, there was no change in flower organization or fertility.
However, the number of seeds set was somewhat decreased due to the early senescence of the
plant. Immunoblotting could be used to confirm the presence of AtMKP-4 but this has not yet
been done.
The primary transformants of the AtMKP-4 plants were self-pollinated so that plants
homozygous for AtMKP-4 could be obtained. This next generation of AtMKP-4 plants did not
germinate as well as wild-type plants: only 36 out of 142 AtMKP-4 seeds germinated (25.4%),
while 36 of38 wildtype seeds germinated (94.7%). One explanation for the poor germination of
tlie AtMKP-4 plants was that these seeds were collected more recently than the wild-type seeds,
and so they did not go through the dormancy stage needed before germination. Therefore, h?th
the wild-type and AtMKP-4 seeds were placed under the cold treatment, which breaks the
dormancy. After cold treatment, a greater percentage-of AtMKP-4 seeds germinated (59.4% or
130 of219 seeds), however, this amount was still low compared to wild-type (100% or 17 of 17
seeds). All of the AtMKP-4 seedlings had a longer hypocotyl than wild-type qualitatively, and as
they matured, they had leaves that were slender and elongated. A few wild-type plants also
displayed slender and elongated leaves, however, the majority did not. The phenotypes of these
plants are still being observed.
Changes in AtMKP-4 plants are due to a cloning e"or and not due to increased gibberellin 
sensitivity: Early flowering and elongation of the hypocotyl of these AtMKP-4 plants suggested a 
possible alteration in gibberellin signaling. Gibberellins regulate numerous growth and 
, developmental processes such as stem elongation, seed germination, and flower initiation and 
development in plants (reviewed by Silverstone et al. 2000). Alteration in gibberellin sensitivity 
and/or biosynthesis have been shown to induce early flowering, shorten germination time, enlarge ,, leaves, elongate the hypocotyl, and lengthen intemodes and petioles in Arabidopsis (Kania et al .
. 1997). Only a few of these gibberellin-related phenotypes were observed in the AtMKP-4 plants, 
however, other phenotypes characterized in gibberellin mutant plants may not have been seen 
because these phenotypes are due to the activation of other non-AtMKP involved pathways by 
gibberellin. Gibberellins control growth by repressing growth inlnbition (Peng et al. 1997, 
· reviewed by Benthke et al. 1998). If the MAPK pathway is one of the signaling pathways
inactivated by gibberellin, then the gibberellin-like effects of early flowering and hypocotyl
elongation in AtMKP-4 may have been due to the inactivation of this MAPK pathway by the
constitutively active AtMKP-4.
Although two of the phenotypes of the AtMKP-4 plants-difficulty in germination and
slenderiz.ation of leaves-contradicted the hypothesis of increased gibberellin sensitivity in these
plants, they were tested to see if they were their phenotypes were gibberellin related. AtMKP-4
secondary transgenic plant seeds were germinated (after cold treatment) in the presence or
absence of gibberellin biosynthesis inlnbitor paclobutrazol. Only two plants germinated in the
presence ofpaclobutrazol, one wildtype (1.4%) and one AtMKP-4 plant (2%) out of70 and 48
plants sowed, respectively. In contrast, 100% (71 of71) wildtype and 77% (42 of 54) AtMKP-4
plants germinated on the plates without paclobutrazol. Therefore, these phenotypes are not
linked to increased gibberellin sensitivity, since these transgenic plants-similar to wildtype--did
not germinate in the presence of the gibberellin biosynthesis inhibitor, paclobutrazol.
Instead of increased gibberellin sensitivity, the unusual phenotype of the AtMKP-4
transgenic plants is thought to be due to an error that was recently discovered. The primers used
to obtain the AtMKP-4 gene were designed with reversed restriction sites so the beginning and
end of the gene contained the opposite restriction site than what was intended (i.e. StuI at the
beginning and NcoI at the end instead ofNcoI at the beginning and StuI at the end). Therefore,
. the AtMKP-4 gene was cloned in backwards, and so no truly transgenic AtMKP-4 plants were 
made. This conclusion is supported by the fact that no segregation of the secondary AtMKP-4 
population occurred. If transgenic AtMKP-4 plants were made, then a 3: 1 transgenic:wildtype 
phenotype would be expected. The phenotype observed for the AtMKP-4 plants can be explained 
if mutant plants were used during transformation. Thus, the phenotype observed for the AtMKP-
4 plants are actually those of the mutant. This explanation is highly plausible because the wild type 
seeds used in experimentation were collected from a greenhouse in which the wildtype population 
and several mutant populations of Arabidopsis were grown. A few wildtype plants grown were 
even observed as having the same phenotype of elongated hypocotyl, and long and slender leaves 
as was observed for the AtMKP-4 plants. Therefore, it was concluded that no truly transgenic 
· AtMKP-4 were made.
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Figure 4. Comparison of constitutively expressing TCH4/MKP4/HA and wild-type Arabidopsis plants. 
TCH4/MKP4/HA plants (left) show increased elongation of hypocotyl throughout the entire plant as 
compared to wild-type (right). 
Discussion 
MA.PK pathways are involved in mediating the stress response, pathogen response, and 
the regulation of cell growth and differentiation in animals. Although MAPKs are known to exist 
in plants, only stress and pathogen related MAPKs have been uncovered. No plant MAPK 
pathways have been found to regulate cell growth and differentiation. However, recent evidence 
suggests a c�nnection between MA.PK pathways and hormone signaling (Nakashima et al. 1998, 
Mizoguchi et al. 1994, Kovtun et al. 1998). In mammals and yeasts, dual specific protein tyrosine 
phosphatases play an important role in downregulating MAPKs. The MAPK pathways in these 
two systems suggest that plant MAPKs may also undergo the same type of dual specific protein 
tyrosine phosphatase-mediated downregulation. So far, only one dual specificity protein tyrosine 
phosphatase fromArabidopsis has been published (Gupta et al. 1998). However, the biological 
role of this phosphatase is unknown. Potentially, if the elusive cell growth and differentiation 
plant MAPK is involved in hormone signaling, plant MKPs could interfere with this signaling. My 
work entailed identifying these potential plant MKPs and determining the role of these MKPs in 
regulating cell growth and differentiation and in hormone signaling. Presently, I have only 
identified the potential plant MKPs, and have yet to determine their role in MAPK and hormone 
signaling. 
A total of seven potential Arabidopsis MKPs were found. Five were recovered based on 
sequence homology with mammalian MKPs, while two were found through phosphatase activity 
screening of an expression cDNA library (Kieber et al. 1993). Additional DNA clones with 
apparent phosphatase acitvity were found through the phosphatase acitvity assay, however, no 
publications could be found to support this activity. The positive phosphatase activity that these 
clones exhibited during the screening could have been due to several reasons. A positive 
indication of phosphatase activity may have occurred because they are indeed phosphatases and 
no one has previously uncovered their phosphatase activity. A positive reading may also have 
been caused by an error in the isolation of the clones. Plaques containing the phosphatases may 
have grown next to a non-phosphatase plaque that was inadvertently picked up in the screen 
instead of the true phosphatase. In addition, a false positive phosphatase activity may have 
occurred ifX-phos can be cleaved by an enzyme other than a phosphatase. This explanation is 
most unlikely, however, since no other enzyme except phosphatases have been found to hydrolyze 
X-phos.
Sequence homology revealed that all of the AtMKPs uncovered appear to be protein 
tyrosine phosphatases, containing the highly conserved sequence of the catalytic domain, 
HCXXGXXRS/f (Keyse 1998). Two of these AtMKPs-AtMKP-2 and AtMKP-7-appear also 
to be dual specificity protein tyrosine phosphatases. Both of these AtMKPs contain the extended 
, version of the protein tyrosine phosphatase sequence characteristic of dual specificity 
phosphatases, VXVHCXXGXSRSXTXXXA YLM. AtMKP-4 may also be a dual specific protein 
tyrosine phosphatase, since it differs in only one amino-acid from the dual specific phosphatases 
consensus sequence (Table 1). The other AtMKPs-AtMKP-1, AtMKP-3, AtMKP-5, and 
AtMKP-6-varied more from the dual specificity sequence than AtMKP-4, lacking the complete 
A YLM module present in dual specificity phosphatases and suggesting that they are protein 
tyrosine mono-specficity phosphatases. However, further analysis revealed the possibility of these 
AtMKPs being dual-specific. Although they do not contain the A YLM module in full, they 
contain two to three amino acids similar and/or identical to this module in this region. In addition, 
all of these AtMKPs contained the Y of the AYLM module. None of the known tyrosine mono­
specific phosphatases analyzed contained any of the AYLM module except for cdc25, which 
contained the L of the module. Hence, the specifities of AtMKP-1, AtMKP-3, AtMKP-5 and 
AtMKP-6 are unclear. Regardless of their enzymatic specificities, these phospbatases may 
inactivate MAKPs. MAPK.s must be phosphorylated on both threonine and tyrosine residues in 
order to be active, however, only one of these residues must be dephosphorylated in order to 
render the MAPK inactive. Thus, dual-specificity phospbatases as well as tyrosine protein 
phospbatases may inactivate MAPK.s. 
Phylogenic analysis using a stretch of70 amino acids around the catalytic domain supports 
the grouping-of these AtMKPs. AtMKPs -2, -7, and -4 are very closely related to each other and 
, to the mammaHan, plant, and yeast dual specificity MKPs (Figure 4). On the other hand, AtMKP-
1, AtMKP-3, AtMKP-5, and AtMKP-6 are on a separate branch on the side of the tree containing 
tyrosine mono specific phospbatases. However, these AtMKPs do not group into the same 
branch containing the known mono-specific phosphatases. Thus, AtMKP-1, AtMKP-3, AtMKP-
5, and ATMKP-6 may be mono- or dual-specificity protein tyrosine phophatases. The specificity 
of these AtMKPs must be confirmed through phosphatase assays before we can conclusively state 
whether they are dual or mono specific phosphatases. 
In order to investigate the biological roles of various MKPs for Arabidopsis, we chose to 
overexpress them in plants. Since cDNA clones were not available for AtMKP-3 and AtMKP-4 
at the time, attempts were made to overexpress genomic DNA carrying AtMKP-3 and AtMKP-4 
in transgenic plants. In the case of AtMKP-3, kanamycin resistant plants did not show any altered 
phenotype, possibly because AtMKP-3 may not have expressed well. This hypothesis is 
supported by the fact that AtMKP-3/GFP fusion produced no GFP signal in transient expression 
(Chiu, unpublished). The plants may have had problems expressing the genomic clone of 
AtMKP-3 because they had difficulties in RNA processing. Although interesting phenotypes did 
appear in the F1 population of plants transformed with the AtMKP-4 construct, they failed to 
segregate in F2. The lack of segregation of the AtMKP-4 plants suggested the possible 
contamination of the wildtype population with mutant plants. Therefore, care must be taken in 
future transformations to avoid such contaminations. 
Attempts were made to obtain cDNA clones of AtMKP-3 and AtMKP-4 so that 
transgenic plants with genes cloned from cDNA instead of from genomic DNA could be made. 
After searching four cDNA hbraries by PCR, a cDNA clone of AtMKP-4 but not of AtMKP-3 
were obtained. Difficulties arose in the isolation of an AtMKP-3 cDNA clone. Only partially 
processed clones of AtMKP-3 could be obtained, suggesting that RNA processing may play an 
important role in regulating the expression of these MKPs. AtMKP-4 9DNA, on the other hand, 
was present in both of the seedling hbraries and was not in either-one of the adult libraries. This 
finding gives hope that AtMKP-4 may regulate a cell growth and differentiation MAPK pathway, 
since younger plants are more actively growing and dividing than adultplants. The cDNA for 
AtMKP-4, however, was smaller than the computers predicted. An extra exon the computer 
predicted was not present in the actual cDNA clone. Although the computer predictions for DNA 
splicing are mostly accurate, they cannot yet predict RNA splicing 100% correctly. Incorrect 
computer splicing predictions may also explain why fully spliced cDNA clones of AtMKP-3 
cannot be obtained. Primers were constructed based on the computer predicted sequences, 
, therefore, they could have annealed to an intron that the computer predicted as an exon. 
The discovery of multiple potential plant MKPs is not surprising. In animals, there are ten 
known MKPs. These ten MKPs respond to different stimuli, and have different substrates and 
tissue specificities (Lewis et al. 1998, Keyse 1998). The animal MKPs are found in both the 
nucleus and in the cytosol. Although the significance of the difference in cellular localization of 
the MK.Ps is not completely clear, it is speculated that the different localizations allow cells to 
differentially regulate MAPKs. Each of the seven AtMKPs displays higher homology to a 
particular mammalian MKP than to others, suggesting that these' seven AtMKPs-like their 
mammalian counterparts-have varying substrates, locations, and tissue distnbutions. In addition, 
the presence of AtMKP-4 cDNA in seedlings and its absence in mature plants indicates that this 
and other MK.Ps may play a role in the developmental processes of plants. These differences in 
MKPs may explain the developmental and tissue specificities of the various hormones, and their 
wide range of effects. Further tests, including RT-PCR to determine the developmental and tissue 
specificities of the AtMKPs, need to be conducted in order to determine if this indeed is true. 
Hopefully, with continued research, we can uncover the mystery behind the MAPK pathway and 
its link to plant hormone signaling. 
Methods 
Cloning AtMKPs: The sequences ofpotentialArabidopsis MKPs were received from Wan-Ling 
Chiu, who used the on-line BLAST program (http://www.ncbi.nlm.nih.gov/BLASTD to search 
available databases using a conserved mammaUan MKP sequence (Rohan et al. 1993) as the query 
, sequence. Similarly, the sequence for AtMKP-6 was found by conducting a search on BLAST 
using AtMKP-5 as the query sequence. AtMKP-3 and AtMKP-4 genes were cloned from 
Arabidopsis genomic DNA or cDNA via PCR using primers constructed from the identified 
sequences. The four cDNA horaries used included two horaries from seedling Arabidopsis (Minet 
et al 1992, Kieber et al. 1993, available through the Arabidopsis Biological Resource Center) and 
two hbraries from mature Arabidopsis. Primers were constructed to introduce NcoI sites 
(CCATGG) and StuI sties (AGGCCT) to the beginnings and ends of the genes, respectively: 
AtMKP-3: 5'-CCATGGGATGACCGATGAAAACG- 3' (NcoI) 
5'-AGGCCTGCGAAATGCAGAGTGGT- 3' (StuI) 
AtMKP-4: 5'-CCATGGAAGAGTATATGATTATC- 3' (NcoI) 
5'-AGGCCTTGAGGAAGAGAGAAAGAG- 3' (StuI) 
PCR products were placed into the PGEM-TEasy vector (Promega), cut out with Ncol and StuI, 
and cloned into a modified PGEM-TEasy vector containing either the 35S promotor or the TCH4 
promotor and HA tag. 35S was chosen as a promotor because it is the standard constitutively 
active promotor, active everywhere throughout the plant. TCH4 was also chosen as a promotor 
because it is partly regulated by auxin and its expression is limited to actively growing tissues (Xu 
et al. 1995). 
A-phage screening: Escherichia coli was infected with )..phage containing cDNA from 6-day old
Arabidopsis seedlings (Kieber et al. 1993, available through the Arabidopsis Biological Resource
Center) for 30 minutes at 37°C. A 1:1 mixture ofIPTG and X-phos (5-bromo-4-chloro-3-indolyl
phosphate), a chromogenic substrate cleaved by phosphatases, was added to soft agar, followed
by the infected bacteria. The mixture was plated on LA and incubated for 10 hours at 37°C, then
placed under light for 2 days to allow the blue color to develop. cDNA from positive plaques was
isolated using the Rapid Excision Kit (Stratagene ).
Sequence Analysis: Sequence aligments were constructed by ClustalW (Thompson et al 1994)
at the Baylor College of Medicine Search Launcher website (http://dot.imgen.bcm.tmc.edu:933 ID
and shaded with BOXSHADE 3.21 of the European Molecular Biology network
(http://www.ch.embnet.org/software/BOX form.html).
Agrobacterium-mediated transfection: Gene constructs were placed into the pART27 binary
vector, which is capable of replicating in both Escherichia coli and Agro bacterium ( Gleave
1992). The shuttle vector was electroporated into Agrobacterium tumefaciens EHAI05.
Nicotiana tobacum SRI were transformed using a leaf-wounding method (Chiu 1996), while
Arabidopsis thaliana were transfected using the floral-dip method (Clough et al. 1998).
Transgenic plants were selected using k.anamycin. Phenotypes observe\d included: gravity
response, germination and flowering time, as well as the shape, number, and length of the
hypocoty4 roots, stems, leaves, veins, and flowers.
Plant growth conditions: Surface-sterilizedArabidopsis tha/iana plants were germinated on
MS media (Murashige et al. 1962) with 25 µg/mL k.anamycin, then transferred to soil. Cold­
treated seeds were first plated on MS and chilled at 4°C for 2-4 days to break dormancy. Plants
were grown under fluorescent bulbs for 16-hr long-day conditions at 21-23°C. Nicotiana 
tobacum plants were grown in soil under daylight at 21-23°C. 
Paclobutrazol medium: Arabidopsis thaliana plants were surface-sterilized and germinated on 
MS plates with or without paclobutrazol as previously descnoed (Peng et al. 1997). Plants were 
grown under :fluorescent bulbs for 16-hr long-day conditions at 21-23°C. 
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